S
hort-term outcome after cardiac arrest treated by cardiopulmonary resuscitation (CPR) is dependent on the perfusion pressure and blood flow generated, among other factors. Global ischemia associated with cardiac arrest is an important trigger that activates nitric oxide synthase (NOS), which stimulates nitric oxide (NO) production (1) . NO induces vasodilatation through a direct activation of soluble guanylate cyclase in vascular smooth muscle, thereby increasing production of cyclic guanosine monophosphate (cGMP) (2) . The excessive NO-mediated vasodilatation that occurs during and immediately after cardiac arrest and during resuscitation may affect the rate of successful resuscitation (3) by reducing the perfusion pressure. Therefore, in the search for adjunctive and alternative methods of increasing cerebral and myocardial perfusion pressure and subsequent blood flow during CPR, administration of a drug that counteracts NOinduced vasodilatation might be warranted.
Methylene blue (MB) counteracts NOmediated vasodilatation by blocking the soluble guanylate cyclase (4) via the oxidation of its active hemo-center (5) or by inactivation of its hemo-deficient apoenzyme (6) . Moreover, MB is a potent inhibitor of NOS and binds to and, in addition, inactivates NO (7) .
Furthermore, MB is known to inhibit the formation of free oxygen radicals and superoxides (reactive oxygen species) by competing with molecular oxygen for the transfer of electrons by xanthine oxidase (8) , and it is effective in attenuating ischemia-reperfusion syndrome (9) . As a kind of free-radical scavenger, MB may offer a therapeutic option in the postresuscitation syndrome because free-radical-mediated injury has been suspected to be one of the major causes underlying postischemic reperfusion injury (10) .
To elucidate the effects of MB in CPR, we selected an experimental pig model of extended circulatory arrest. A similar model has been employed to assess the efficacy of hypertonic-hyperoncotic solutions, which have been demonstrated to improve myocardial blood flow during CPR (11) and by acting as a cardioprotective and neuroprotective agent in the reperfusion period (12, 13) . Thus, one trial group received a combination of hypertonic saline with dextran and MB, and a second group received hypertonic saline with dextran only. These two groups were compared with a control group that received normal isotonic saline only. The pharmacologic intervention was administered during CPR and during the initial reperfusion period after cardiac arrest. The null hypothesis for the experiments was that there would be no difference in either survival or circulatory or nervous system effects between the control group and the two experimental groups.
MATERIALS AND METHODS
The regional review board for animal experimentation in Uppsala, Sweden, approved this prospective, randomized, laboratory animal study.
Animals. A total of 63 Swedish domestic piglets, aged 12-15 wks and with a mean weight of 25.1 Ϯ 2.1 kg, obtained from a single provider were delivered to the laboratory on the morning of the experiment. The piglets fasted 6 hrs before the experiment but had free access to water.
Anesthesia. The animals received an intramuscular injection of 6 mg/kg tiletamine and zolazepam (Zoletil, Reading, France) combined with 2.2 mg/kg xylazine (Rompun, Bayer, Germany) and 0.04 mg/kg atropine. A peripheral venous catheter (18-gauge) was inserted in an ear vein and was used for induction and maintenance of anesthesia and for fluid administration. All the piglets received an intravenous injection of 20 mg of morphine (Morfin Meda, Solna, Sweden). If needed, 100 mg of ketamine (Ketaminol, Veterinaria AG, Switzerland) was added as an intravenous bolus to achieve surgical anesthesia. Absence of motor response to painful stimuli was considered indicative of adequate anesthesia. An intravenous infusion of 8 mg·kg Ϫ1 ·hr Ϫ1 pentobarbital (Apoteket, Sweden), 0.5 mg·kg Ϫ1 ·hr Ϫ1 morphine, and 0.25 mg·kg Ϫ1 ·hr Ϫ1 pancuronium bromide (Pavulon, Organon, Netherlands) was started and used for maintenance of anesthesia. The piglets were secured in a supine position and were tracheostomized. The animals were mechanically ventilated (Servo 900C, Siemens-Elema, Solna, Sweden) with a 30/70 mixture of oxygen/nitrous oxide during the preparation and 30% oxygen in air after the preparation, providing an FIO 2 of 0.3. The mechanical ventilation was volume controlled with an inspiratory/expiratory ratio of 1:2, a fixed frequency of 25/min, and a minute volume set to maintain arterial PaCO 2 at an average of 34 -41 mm Hg (4.5-5.5 kPa). A positive end-expiratory pressure of 5 cm H 2 O was applied. The capnogram and peripheral oxygen saturation were displayed continuously (CO 2 SMO Plus-8100, Novametrix, Wallingford, CT), as were leads II and V5 of the electrocardiogram.
Fluid Administration. All animals received fluid replacement with acetated Ringer solution (Ringer-acetat, Fresenius Kabi, Stockholm, Sweden) as follows: 30 mL/kg during the first hour of preparation and thereafter a continuous infusion of 10 mL·kg Ϫ1 ·hr Ϫ1 to obtain a pulmonary artery occlusion pressure of 7-10 mm Hg.
Surgical Preparation. An 18-gauge arterial catheter was advanced into the aortic arch via a branch of the right external carotid artery for withdrawal of blood samples and measurement of blood pressure. A 14-gauge, salinefilled, double-lumen catheter was placed into the right atrium via a cutdown of the right external jugular vein to measure right atrial pressure and for drug administration. Along with that, a 7-Fr, fluid-filled, pulmonary artery catheter (CritiCath, Ohmeda Medical Devices, Oxnard, CA) was floated into occlusion position in the pulmonary artery and thereafter withdrawn 1-2 cm to measure cardiac output, artery occlusion pressure, and to sample mixed venous blood. These catheters were connected to pressure transducers, which were calibrated to atmospheric pressure at the level of the right atrium. The left internal jugular vein was cannulated in the cephalad direction, and a catheter (18-gauge) was advanced to the jugular bulb. To limit contamination from extracerebral blood, the position of the catheter tip was confirmed by lateral neck fluoroscopy and a contrast injection. A 10-mm burr hole was made between the middle and coronal sutures of the right hemisphere, and the dura was opened. Through this hole, a laser-Doppler flow probe (MT B500 -43, Periflux PF 2B Laser-Doppler Flowmeter, Perimed, Stockholm, Sweden) was placed directly on the surface of the right frontal cortex. The probe was fixed by suturing dura and skin.
Measurements and Samples. Hemodynamic variables including lead II and V5 electrocardiogram recordings, heart rate, systemic arterial blood pressure, right atrial pressure, and pulmonary artery pressure were continuously displayed (Solar 8000 monitor, Marquette Medical Systems, Milwaukee, WI) and recorded (Workbench 3.0, Strawberry Tree, Sunnyvale, CA). Cardiac output was measured as a mean of three measurements, using the thermodilution technique at baseline and repeatedly during the postresuscitation period. Pulmonary artery occlusion pressure was recorded at the same points as cardiac output. Coronary perfusion pressure was calculated as the difference between the diastolic aortic pressure and the simultaneously measured right atrial pressure. Cerebral cortical blood flow was recorded every 5 secs by a computer and presented as a fraction of the steady-state baseline flow level before induction of ventricular fibrillation. Derived variables, including total systemic vascular resistance and left ventricular stroke work, were calculated by standard formulas. Samples of arterial, jugular, and pulmonary arterial blood were taken for blood gas analysis and acid-base balance (ABL 300, Radiometer, Copenhagen, Denmark) at baseline and at 14, 16, and 19 mins during CPR and at 5, 15, 30, 60, 120, 180, and 240 mins after restoration of spontaneous circulation (ROSC). Oxygen saturation and hemoglobin were determined simultaneously on an OSM3 Hemoximeter (Radiometer). In addition, jugular vein samples were collected before cardiac arrest (baseline) and after ROSC at 5, 15, 30, 60, 120, 180, and 240 mins. The plasma obtained after centrifugation (3500 ϫ g for 12 mins) was stored at Ϫ70°C until analyzed for 8-isoprostane-prostoglandin F 2␣ (8-iso-PGF 2␣ ), 15-keto-dihydro-PGF 2␣ , and protein S-100␤. Plasma obtained after centrifugation (4000 ϫ g for 5 mins) of arterial blood drawn at baseline and at 120 and 240 mins after ROSC was used to determine troponin I and myocardial muscle creatine kinase isoenzyme (CK-MB). Plasma glucose, lactate, and electrolyte concentrations were also determined (ABL 700, Radiometer) at baseline and 120 mins after ROSC.
Analytical Methods. Plasma concentrations of isoprostane 8-iso-PGF 2␣ (an indicator of oxidative injury) and 15-keto-dihydro-PGF 2␣ (an indicator of inflammation) were measured according to a highly specific and validated radioimmunoassay method at our laboratory as previously described (14, 15) . The detection limit for 8-iso-PGF␣ was 23 pmol/L, and the detection limit for 15-ketodihydro-PGF 2␣ was 45 pmol/L. Myocardial and cerebral damage were assessed by serum concentrations of cardiac troponin I, CK-MB, and astroglial protein S-100␤. Serum S-100␤ levels were measured by an immunoluminometric assay (LIA-mat, Sangtec 100, Sangtec Medical, Bromma, Sweden) with a detection limit of 0.02 ng/mL and a cutoff level of Ͻ0.12 ng/mL. CK-MB and troponin I were measured with monoclonal/polyclonal mass immunoassays (ADVIA Centaur, Bayer), with normal values of Ͻ0.12 g/L for troponin I and Ͻ6 g/L for CK-MB.
Experimental Protocol. After preparation, the piglets were ventilated with 30% oxygen in air and allowed to stabilize for 1 hr, after which baseline measurements were made (Table 1). Thereafter, to induce ventricular fibrillation, a 50-Hz, 20-to 60-V transthoracic alternating current was applied via two subcutaneous needle electrodes placed on either side of the thorax. Cardiopulmonary arrest was defined as a decrease in aortic blood pressure to hydrostatic pressure (Ͻ25 mm Hg) and the presence of ventricular fibrillation on the electrocardiogram. Mechanical ventilation was halted at this point. After 12 mins of untreated cardiac arrest, closed-chest CPR was performed with a pneumatically driven automatic piston device (LUCAS, Jolife AB, Lund, Sweden), and mechanical ventilation with 100% oxygen was resumed with the same ventilatory settings as before induction of cardiac arrest. The animals were assigned randomly to receive an infusion of 55 mL·kg Ϫ1 ·hr Ϫ1 saline (SAL group, n ϭ 21), or 10 mL·kg Ϫ1 ·hr
Ϫ1
hypertonic saline (7.5%) with dextran (6%) solution (RescueFlow, Biophausia, Uppsala, Sweden) (HSD group, n ϭ 21), or 7.5 mg·kg Ϫ1 ·hr Ϫ1 MB (10 mg/mL Metyltioninklorid, Apoteket, Umeå, Sweden) with 10 mL·kg Ϫ1 ·hr Ϫ1 hypertonic saline-dextran solution (MB group, n ϭ 21). The dose of MB was selected after pilot experiments indicating the necessity of continuous administration with an initial loading dose (16 -18) and a total dose of approximately 3 mg/kg. The infusions were administered through the right atrial catheter and started after 1 min of CPR. At 1 min after commencement of CPR, all the animals received 0. 4 (MB). Infusions were continued at these rates until 50 mins after ROSC, when the infusions were stopped. After 5 mins of spontaneous circulation, FIO 2 was reset at 0.3. If arterial pH was Ͻ7.20 or the base deficit was Ͼ10 mmol/L at 5 mins after ROSC, acidosis was corrected with 1 mmol/kg Tris buffer mixture (Tribonat, Kabi Fresenius, Stockholm, Sweden) and by increasing the minute ventilation. The target was a PaCO 2 within the range of 5.0-5.5 kPa. No other intervention was undertaken during the resuscitation phase. Hemodynamic variables and blood gases were observed for 4 hrs after ROSC.
Statistical Analysis. Data are presented as mean Ϯ SE. Repeated-measures two-way analysis of variance was used for comparisons of the groups over time after the data were shown to be normally distributed. To secure normally distributed data analysis of 8-iso-PGF 2␣ and 15-keto-dihydro-PGF 2␣ , analyses were done after logarithmic transformation. Where analysis of variance showed significant differences, a Bonferroni multiple comparison test was used. Survival analysis according to the hypothesis was carried out using the method of Kaplan and Meier (GraphPad PRISM version 4, GraphPad Software, San Diego, CA), and comparisons between groups were made using the log-rank test and the log-rank test for trend because survival was considered to be a variable of the ordinal type; p values of Ͻ.05 were regarded as statistically significant.
RESULTS
A total of 63 experiments were carried out. Four of the 63 pigs were excluded from the analysis-one in each group due to severe airway infection and one in the HSD group due to technical problems during external cardiac massage. There were no significant differences between the groups in baseline measurements.
Survival. A significant difference in survival to the end of the 4-hr experimental protocol between the MB and SAL groups (p ϭ .02) was demonstrated using the Kaplan-Meier survival curve and the logrank test or the three groups tested together by the log-rank test for trend (p ϭ .03) (Fig. 1) . In the MB group, ROSC was achieved in 19 of 20 animals. In the other groups, ROSC was achieved in 16 of 19 animals in the HSD group and in 17 out of 20 animals in the SAL group. A total of 16 piglets in the MB group and 12 in the HSD group survived the entire experiment, whereas in the SAL group, only nine survived. The greatest postarrest mortality occurred in the first hour in the SAL group, in which it was associated with arrhythmias, low cardiac output, and decreasing blood pressure (eight animals).
Hemodynamic Variables. After ROSC, there was a period of 5-10 mins of spontaneous overshoot in arterial and pulmonary arterial blood pressures and cardiac output in all groups (p Ͻ .0001) and, thus, also in left ventricular minute work (p Ͻ .0001) (Fig. 2) . After this period, a hypotensive period gradually followed in all groups, with the lowest blood pressure Kaplan-Maier survival curve indicating significant difference by the log-rank test in survival between the methylene blue and hypertonic saline with dextran group (MB) and the isotonic saline (SAL) group (p ϭ .02) and a significant difference between the three groups when tested together by the log-rank test for trend (p ϭ .03). SAL group, n ϭ 20; hypertonic saline-dextran-only group (HSD), n ϭ 19; MB group, n ϭ 20. levels at 30 mins compared with baseline (p Ͻ .001). The decreased blood pressure lasted approximately 1 hr after ROSC, followed by a gradual increase to baseline levels. Cardiac output was increased in both the HSD and MB groups in comparison with the SAL group (p Ͻ .01) 5 mins after ROSC. A greater mean arterial blood pressure (p Ͻ .01), coronary perfusion pressure (p Ͻ .01), cardiac output (p Ͻ .05), and left ventricular stroke work (p Ͻ .01) were observed 15 mins after ROSC in the MB group in comparison with the two other groups. The pulmonary arterial pressure was increased in the MB and HSD groups in comparison with the SAL group (p Ͻ .05) at 5 and 15 mins after ROSC. In contrast, there was no significant difference between the groups in total peripheral vascular resistance.
Cerebral Cortical Blood Flow. During the very early reperfusion phase (5 mins after ROSC), the mean cerebral cortical blood flow increased in all groups in comparison with baseline values (p Ͻ .001) (Fig. 2) . Thereafter, this blood flow started to decrease, but there was no significant difference compared with baseline. Toward the end of the study, the cerebral cortical blood flow gradually returned to baseline in all the groups. During the first 60 mins after ROSC, the cerebral cortical blood flow differed between the groups (p Ͻ .01); it was greatest in the MB group and least in the SAL group, with an intermediate value in the HSD group (not significant).
Systemic and Jugular Bulb Acid-Base Status. During the 8 mins of CPR, the arterial blood pH gradually decreased, but acidemia was not profound in any of the three groups. In contrast, acidemia was profound (pH Ͻ 7.20) 5 mins after ROSC and needed correction with Tris buffer mixture and increased ventilation. In contrast to the arterial pH, the jugular bulb blood pH decreased immediately after commencement of CPR and started to increase at 16 mins after arrest.
8-iso-PGF 2␣ . After ROSC, the jugular bulb concentration of 8-iso-PGF 2␣ increased and reached a maximum at 15 mins after ROSC (Fig. 3) . Thereafter, it gradually decreased toward baseline values during the remaining part of the investigation. The jugular bulb 8-iso-PGF 2␣ concentration was significantly greater in the SAL group than in the MB group (p Ͻ .01). There were no differences between the MB and HSD groups.
15-keto-dihydro-PGF 2␣ . The baseline jugular bulb concentration of 15-ketodihydro-PGF 2␣ increased during the early reperfusion phase immediately after ROSC (Fig. 3) . Thereafter, this level decreased gradually, returning to the baseline level at the end of the study. There was a significantly lower level in the MB group in comparison with the SAL group (p Ͻ .01) only.
Protein S-100␤. In all the groups, protein S-100␤ increased during the first hour after ROSC and returned to baseline levels toward the end of the study (Fig. 3 ). There were statistically significant differences between the three groups, with lower levels in the MB group in comparison with the SAL group (p Ͻ .001) and the HSD group (p Ͻ .01). There was no statistically significant difference between the SAL group and the HSD group. Myocardial Injury. Both biochemical markers of myocardial injury increased during the whole experiment, with maximums toward the end of the experiment (Fig. 4) . Statistically significant differences occurred between troponin I levels in the MB and SAL groups at 240 mins (p Ͻ .01). There were also statistically significant differences between CK-MB levels in the MB and SAL groups at 120 and 240 mins (p Ͻ .05 and p Ͻ .01, respectively). In contrast, there were no statistically significant differences between the HSD and SAL groups.
Lactate. Plasma lactate levels increased during the experiment in all three groups (significant differences in all the groups at 120 mins in comparison with baseline, p Ͻ .0001). There was a significantly lower lactate level in the MB group compared with the SAL group at 120 mins (p Ͻ .01). There was no difference between the HSD and MB groups at this time point.
DISCUSSION
Survival. The present experimental cardiac arrest study revealed that continuously administered MB and hypertonic saline with dextran during CPR, and continued for 50 mins after ROSC, increased short-term (4-hr) survival in comparison with the group receiving normal saline during the course of this experiment. In addition, the group that received MB (MB group) showed less hypotension and better cardiac performance and coronary perfusion pressure initially after return of spontaneous circulation and showed fewer signs of cerebral and cardiac injury.
Previous studies have shown that nonselective inhibitors of NOS, such as N G -nitro-L-arginine methyl ester and N Gmonomethyl-L-arginine, reversed systemic vasodilatation and improved hemodynamics (19, 20) . By N G -nitro-L-arginine methyl ester blockage of NOS, perfusion pressure has been demonstrated to be enhanced in a cardiac arrest pig model, which resulted in a dramatic improvement in short-term survival in treated pigs compared with those receiving placebo (3). NOS inhibition has been claimed to be beneficial during CPR and reperfusion by causing an increase in systemic vascular resistance, attenuation of cerebral hyperemia, and by acting as a neuroprotective agent (21) . However, whether NOS inhibition is beneficial or detrimental for hemodynamics in the postresuscitation phase is a matter of controversy (3, 21) . In our study, the group receiving MB showed an improvement in hemodynamics in the first hour after ROSC in comparison with the SAL group. However, it must be noted that in comparison with the above-mentioned NOS inhibitors, MB exerts a mixture of effects, and NOS inhibition is only one of them (5-9, 22). The MB group had a significantly smaller serum lactate concentration 2 hrs after ROSC, which may indicate improved tissue perfusion in addition to its redox effects (see below) and is in accordance with the increased rate of survival in that group (23) .
Myocardial Protection and Hemodynamics. Our data confirmed that MB given concomitantly with the hypertonic-hyperoncotic solution improved postresuscitation myocardial dysfunction, resulting in an increasing arterial blood pressure and cardiac output without increasing cardiac ischemia and without any change in pulse rate, total peripheral resistance, or pulmonary artery occlusion pressure. The following mechanisms could be responsible for the observed beneficial effects of this combination of events: 1) An improvement was observed in coronary perfusion pressure, initially after ROSC, simultaneously with an increase in cardiac stroke work but without an increase in total peripheral resistance. It has previously been demonstrated that nonselective inhibition of NO by N G -monomethyl-Larginine increases coronary blood flow after ischemia, thus improving Figure 3 . Jugular plasma levels of 8-isoprostane-prostaglandin F 2␣ (8-iso-PGF 2␣ ), 15-keto-dihydro-PGF 2␣ , and protein S-100␤ at baseline and after restoration of spontaneous circulation (ROSC). After ROSC, the 8-iso-PGF 2␣ and 15-keto-PGF 2␣ levels in the methylene blue and hypertonic saline with dextran group (MB) were significantly lower than in the isotonic saline group (SAL; p Ͻ .01), whereas the protein S-100␤ level in the MB group was lower in comparison with the SAL group (p Ͻ .001) and the hypertonic saline-dextran-only group (HSD; p Ͻ .01). Data provided as mean Ϯ SEM. SAL group, n ϭ 20; HSD group, n ϭ 19; MB group, n ϭ 20. CPR, cardiopulmonary resuscitation.
contractility (24) . NO affects myocardial contraction in a dose-dependent fashion, with low doses of NO resulting in positive inotropic effects and higher concentrations exerting negative inotropic effects (25) . Resuscitation studies using hypertonic-hyperoncotic solutions have usually reported an improvement in myocardial blood flow during CPR (11) as a result of improved microcirculation during ischemia (26) , whereas only minor effects were found during recirculation (26, 27) . In our investigation, significant statistical, but rather small and of relatively short duration, differences in mean arterial blood pressure, coronary perfusion pressure, and left ventricular stroke work occurred not only between the MB and SAL groups at 5-15 mins after ROSC, but also between the MB and HSD groups. Thus, these results could not be related solely to the administration of HSD solution.
2) MB blocks the formation of several reactive oxygen species, particularly superoxides, by competing with molecular oxygen for the transfer of electrons by xanthine oxidase (8) . Per-
), a product of NO and superoxide anion (·O 2 ) interaction, is known as a powerful oxidant exerting vasorelaxant effects on peripheral blood vessels (28) . Peroxynitrite depresses myocardial contractility by decreasing the ability of Ca 2ϩ to trigger contraction, an effect that is partly mediated by the cGMP/cGMP-dependent protein kinase pathway (29) . The presence of MB significantly inhibits the relaxation induced by peroxynitrite (30) , and it promotes myocardial contraction (31) .
Previous studies have demonstrated that hypertonic-hyperoncotic solutions reduce the release of cardiac troponin I after successful CPR, even in the absence of the hemodynamic improvement (12) . The levels of troponin I and CK-MB continuously increased throughout the present experiment, and the results reflect a favorable effect of MB in myocardial injury, with lower levels of CK-MB and troponin I in the MB group, despite the greater left ventricular stroke work early after ROSC in this group. In addition, the systemic plasma level of lactate was significantly lower in the MB group compared with the SAL group. This effect of MB has previously been described (32) and considered to be a re-oxidizing effect (by leuco-MB) of nicotinamide adenine dinucleotide phosphate leading to a reduction of the lactate/pyruvate ratio.
Cerebral Protection. Induction of regional cerebral hyperemia has been suggested as the mechanism linking regional neuronal activity with regional cerebral blood flow (33) . NO, a potent vasodilator released during synaptic activity, has emerged as an important factor in the development of functional hyperemia (33, 34) . Systemic hypertension that commonly occurs immediately after successful resuscitation also results in increased cerebral blood flow. This hyperemia has been suggested as a major contributor to damage to the blood-brain barrier (35) . Indeed, the greatest signs of lipid peroxidation after CPR were previously recorded in one of our experimental study groups (36) in which hyperemia was greatest and autoregulation of cerebral blood flow was least. Thus, attenuation of cerebral hyperemia and promotion of circulatory autoregulation might improve outcome after CPR. The use of a nonspecific NOS inhibitor, N G -nitro-Larginine methyl ester, at a relatively low dose attenuated the early hyperemic response to ischemia-reperfusion in certain brain regions (21) , most notably the brain stem, resulting in an overall reduction in cerebral blood flow. However, in the present investigation, no differences in cerebral cortical blood flow during CPR or soon after ROSC were found between the groups, in which a mild, statistically nonsignificant cerebral hypoperfusion occurred in all three groups of animals during the period from 15 mins to 2 hrs after ROSC.
The astroglial protein S-100␤ is a sensitive marker of hypoxic brain damage after cardiac arrest, and it correlates well with the extent and prognosis of ischemic brain injury (37, 38) . Protein S-100␤ also reflects the extent of experimental brain damage after cerebral ischemia and serves as a useful biomarker for the assessment of effects of neuroprotective drugs (37, 38) . In the present study, we found that the levels of protein S-100␤ were significantly lower during the course of our experiments in the MB group, indicating neuroprotective effect in this group, as in a previous study demonstrating that MB acts as a neuroprotective agent by inhibiting brain NOS activity in vivo and interfering with the NO-cGMP system (39) . In ischemia-reperfusion, neuronal NOS activity is increased and the excess of subsequently liberated NO becomes neurotoxic (40) . A possible mechanism by which neurotoxicity is induced is the formation of peroxynitrite anion (40, 41) . Thus, NOS inhibitors are considered to favor neuroprotection by inhibiting NO production, preventing neurotoxicity due to excess NO by scavenging oxygen-derived free radicals (41, 42) , which together may otherwise form peroxynitrite.
Successful resuscitation is associated not only with cellular brain damage (necrosis and apoptosis) but also with local and systemic inflammatory response. Jugular bulb isoprostanes and PGF 2␣ metabolites have previously been proved to serve as biomarkers of oxidative free-radical damage and inflammatory response in the brain after reperfusion injury (43, 44) . Isoprostanes are biosynthesized from arachidonic acid in vivo, mainly through nonenzymatic free-radical-catalyzed oxidation. Prolonged duration of cardiac arrest and CPR result in a worsening of the oxidative injury to cerebral tissue (45) and subsequent neurologic damage. The levels of 8-iso-PGF 2␣ were significantly reduced in the postresuscitation phase in the MB group in comparison with the SAL group, indicating less oxidative injury, but no difference was recorded in relation to the HSD group.
NO enhances cyclooxygenase activity through a mechanism independent of cGMP, and in conditions in which both NOS and cyclooxygenase are activated, there is an NO-mediated increase in the production of proinflammatory prostaglandins, which may result in exacerbated inflammatory response (46) . Enzymatic catalysis by cyclooxygenases, leading to formation of prostaglandins from arachidonic acid and their involvement in the inflammatory process and 15-keto-dihydro-PGF 2␣ , is increased in inflammation and can be used as an indicator of in vivo lipid oxidation through the cyclooxygenase pathway (47) . MB inhibits the metabolism of arachidonic acid in both the cyclooxygenase and lipoxygenase pathways (48) . This interaction explains the results obtained in the present study, in which 15-keto-dyhydro-PGF 2␣ was significantly decreased in the MB group in comparison with both the other groups. Thus, MB decreased the cerebral inflammatory response after reperfusion injury.
CONCLUSION
MB added to a hypertonic-hyperoncotic solution increased short-term (4-hr) survival after cardiac arrest and CPR as compared with a control group given normal saline only and acted as a cardioand cerebro-protective pharmacologic agent. Further studies should be carried out to define the role of MB in the treatment of cardiac arrest.
